ABSTRACT This study was conducted to determine the effects of heat shock protein 90 (HSP90) expression on pH, lipid peroxidation, heat shock protein 70 (HSP70), and glucocorticoid receptor (GR) expression of pectoralis major in broilers exposed to acute heat stress. In total, 90 male broilers were randomly allocated to 3 groups: control (CoN), heat stress (HS), or geldanamycin treatment (GA). on d 41, the broilers in the GA group were injected intraperitoneally with GA (5 μg/kg of BW), and the broilers in the CoN and HS groups were injected intraperitoneally with saline. Twenty-four hours later, the broilers in the CoN group were moved to environmental chambers controlled at 22°C for 2 h, and the broilers in the HS and GA groups were moved to environmental chambers controlled at 40°C for 2 h. The pH values of the pectoralis major after 30 min and 24 h of chilling after slaughter of HS and GA broilers were significantly lower (P < 0.01)
INTRODUCTION
one of the most challenging environmental conditions affecting commercial poultry is heat stress, which can cause major economic losses by reducing growth rate, feed consumption, and hatchability, and by increasing mortality (Ryder et al., 2004; Yu et al., 2008; Wang et al., 2008) . Heat stress reduces the welfare and productivity of animals. Therefore, it is a major concern for the poultry industry, especially in the hot regions of the world.
Broilers have protective measures against environmental challenges. The heat shock proteins (HSP) are a set of proteins synthesized in response to physical, chemical, or biological stresses, including heat exposure (Ganter et al., 2006; Staib et al., 2007) . on the basis of homology and molecular weights, HSP can be classified into 3 main families: HSP90 (85~90 kDa), HSP70 (68~73 kDa), and low molecular weight HSP (16~47 kDa; Basu et al., 2002) . Heat shock proteins play an important role in the protection and repair of cells and tissues.
Acute heat exposure affects metabolic characteristics and causes oxidative damage to skeletal muscles in broilers. Heat stress accelerates the oxidation of muscle tissue, resulting in a shift in the pro-oxidant/antioxidant balance (Lin et al., 2006; Mujahid et al., 2007; Wang et al., 2009; Imik et al., 2012) . Heat shock proteins are the major stress proteins induced to protect cells from oxidative stress and other types of injuries (Hightower, 1991; Yenari et al., 1999) . Some reports suggest that there is a strong relationship between oxidation and HSP70 synthesis (Gu et al., 2012; Liu et al., 2014) . However, studies on the cytoprotection of HSP90 on oxidation damage of muscle proteins and protein functionalities are rare.
Effects of heat shock protein 90 expression on pectoralis major oxidation in broilers exposed to acute heat stress 1 Y. Hao and X. H. Gu 2 than those of the CoN broilers. Heat stress caused significant increases in sera corticosterone and lactic dehydrogenase, the activity of malondialdehyde and superoxide dismutase, the expression of HSP90 and HSP70, and nuclear expression of GR protein in the pectoralis major (P < 0.05). Heat stress induced a significant decrease in GR protein expression in the cytoplasm and GR mRNA expression. Furthermore, the low expression of HSP90 significantly increased levels of lactic dehydrogenase and malondialdehyde and GR protein expression in the cytoplasm under heat stress (P < 0.01), and significantly decreased nuclear GR protein expression (P < 0.01). Heat shock protein 90 was positively correlated with corticosterone and superoxide dismutase activities (P < 0.01), and HSP90 mRNA was negatively correlated with pH after chilling for 24 h. The results demonstrated that HSP90 plays a pivotal role in protecting cells from oxidation.
Heat stress can activate the hypothalamus-pituitaryadrenal axis and increase transcription of the pituitary proopiomelanocortin gene, resulting in the secretion of its encoded adrenocorticotropic hormone and consequent secretion of glucocorticoid (GC) from adrenal cortical cells. However, GC functioning requires binding of GC to its specific glucocorticoid receptor (GR) in target cells (Martinez et al., 2005; Rose et al., 2010) . Folding, activation, and functioning of GR are closely related to its molecular chaperone, HSP90 (Furay et al., 2006; Ricketson et al., 2007; Nicolaides et al., 2010) . However, no comprehensive information about the relationship between HSP90 expression and the degree of heat response or the influence of HSP90 expression on muscle oxidation has been available until now.
Geldanamycin (GA), an HSP90-specific inhibitor, is a naturally occurring asamycin antibiotic that possesses antitumor properties through its ability to associate and interfere with HSP90 function (Wu et al., 2007) . The objective of the present study was to use GA to determine the influence of HSP90 expression on lipid and protein oxidation and subsequent effects on Arbor Acres broiler meat exposed to acute heat stress.
MATERIALS AND METHODS

Experimental Broilers
In total, 120 male broiler chicks (1 d old; Arbor Acres Poultry Breeding Co., Beijing, China) were housed in wire-floored cages in an environmentally controlled room with continuous light. The room temperature was maintained at 35°C when the broilers were from 1 to 3 d old; thereafter, the temperature was gradually reduced to 22°C. All broilers were inoculated with an inactivated infectious bursal disease vaccine on d 14 and d 21 and with a Newcastle disease vaccine on d 7 and 28. The broilers had access to feed and water ad libitum. The diet was formulated to meet or slightly exceed the nutrient requirements suggested by the NRC (1994). All procedures were approved by the Animal Care and Welfare Committee of the Chinese Academy of Agricultural Sciences (Beijing, China).
Experimental Design
on d 21, 10 broilers of similar BW were put into each of 9 cages and were transported into a temperature-controlled metabolic chamber. on 41 d old, the broilers were randomly allocated to 3 groups. There were 3 cages per treatment. The 3 treatments were (1) the control group (CON) where broilers were housed at 22°C and injected with saline, (2) the heat stress group (HS) where broilers were housed at 40°C and injected with saline, and (3) the geldanamycin (HSP90 inhibitor) treatment group (GA) where broilers were housed at 40°C and injected with GA. After grouping, the broilers were injected intraperitoneally with 1 mL of saline or GA (5 μg/kg of BW). After injection, they were returned to their original cages. Twenty-four hours later, control broilers were moved in their original cages to a 22°C environmental chamber. The HS and GA broilers were moved in their original cages to a 40°C environmental chamber in which they suffered from acute heat stress at 40 ± 1°C for 2 h.
Sample Collection
After heat stress, broilers of approximately average weight in each cage were selected, removed, and held by both shanks to minimize distress. They were weighed and then blood samples (3 mL) were obtained via the wing vein. The serum was isolated by centrifugation for 10 min at 2,500 × g at 4°C and stored at −80°C for corticosterone and lactic dehydrogenase (LDH) concentration assays. These broilers were then immediately euthanized by cervical dislocation. Within 15 min postmortem, the upper one-third of the left pectoral major (breast) muscle was removed and stored at 4°C for determination of pH. The right breast was minced, and placed into 5 sample tubes, flash-frozen in liquid nitrogen, and stored at −80°C until analysis.
pH
The upper one-third of the pectoral major muscle from the left side was used for pH measurement. The pH values were determined 30 min postmortem and after chilling for 24 h at 4°C in self-sealing plastic bags using a portable pH meter (IQ150, IQ Scientific Instruments Inc., Carlsbad, CA) equipped with a stainless electrode (pH57-SS). The pH meter was calibrated using the 2-point method against standard buffer solutions with pH values of 4.0 and 7.0 (Lu et al., 2007) . The pH value was expressed as the average of 3 measurements.
Measurement of Sera Corticosterone
The concentrations of sera corticosterone (CORT) were measured using a commercially available ELISA kit (RapidBio Lab) according to the manufacturer's instructions.
Assay of Lactic Dehydrogenase in Serum
Assay kits for LDH were obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, China). All of the assays followed the instructions of the kit manufacturer.
Assay of Antioxidative Enzyme Activity and Lipid Peroxidation
Assay kits for protein, superoxide dismutase (SOD), and malondialdehyde (MDA) were obtained from Nan-jing Jiancheng Bioengineering Institute (Nanjing, China). For biochemical assays, samples of the pectoralis major (100 mg) were homogenized in phosphate buffer (0.2 mol/L, pH = 7.4, and 4°C containing 50 mg of proteinase inhibitors/L and 0.1 mmol/L of phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 3,000 × g for 15 min at 4°C and the supernatant was used for the assay. The SoD and MDA levels of the supernatants were measured by spectrophotometric methods using a spectrophotometer (Leng Guang SFZ1606017568, Shanghai, China). All of the assays followed the instructions of the kit manufacturer. The SoD activity was measured by the xanthine oxidase method, which monitors the inhibition of reduction of nitro blue tetrazolium by the sample (Winterbourn et al., 1975) . The MDA level was analyzed with 2-TBA by monitoring the change of absorbance at 532 nm with a spectrophotometer (Placer et al., 1966) .
Nuclear and Cytoplasmic Protein Extraction for GR Analyses
Nuclear and cytoplasmic protein extraction was performed as previously described (Thornburg et al., 2003) . Pectoralis major samples were washed twice with cold PBS. Cells were lysed by incubation in a hypotonic buffer [20 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, and protease and phosphatase inhibitor mixtures (Sigma, St. Louis, Mo)] for 15 min on ice. NP40 was then added to a final concentration of 1%. Nuclei were pelleted by low-speed centrifugation at 240 × g for 10 min at 4°C. The supernatant was collected as the cytosolic fraction. The crude nuclear pellet was further purified using optiprep (Sigma) reagent as directed by the manufacturer. Protein concentration was determined using the Bradford method (Bio-Rad Laboratories, Hercules, CA).
Western Blot Analysis of HSP90, HSP70 and GR
Protein extracts were heated at 95°C for 5 min and cooled on ice. Following the centrifugation at 15,000 × g for 5 min at 4°C, 20-μL aliquots were resolved by electrophoresis (Bio-Rad, Richmond, CA) on 12% SDS-PAGE before being transferred electrophoretically to a PVDF membrane (Millipore, Billerica, MA). After blocking with TBST (0.05% Tween 20, 100 mM TrisHCl, and 150 mM NaCl, pH 7.5) containing 5% skim milk for 30 min at room temperature, the membranes were incubated with primary antibodies, anti-mouse HSP90 (Abcam, Cambridge, UK), anti-mouse HSP70 (Stressgen, Gentaur Bvba, Belgium), and anti-rabbit GR (prepared by our laboratory, unpublished data) in dilution of 1:3,000, 1:5,000, and 1:5,000, respectively, at 4°C overnight. After washing in TBST 3 times, the membranes were incubated with a secondary antibody (horseradish peroxidase-labeled goat anti-mouse IgG, 1:10,000 dilution in blocking solution) for 40 min. The antibody-specific proteins bands were visualized with a electrochemiluminescence substrate using a gel-imaging system (Tanon Science and Technology, Shanghai, China) with Image Analysis Software (National Institutes of Health, Bethesda, MD).
mRNA Expression Analysis of HSP90, HSP70, and GR
Total RNA was isolated from liver and intestinal tissue samples using Trizol (Invitrogen Inc., Carlsbad, CA) reagent according to the manufacturer's protocol. The RNA pellets were resuspended in nuclease-free water. To eliminate possible genomic DNA contamination, the RNA samples were treated with a DNase I kit (DNA-free, Ambion Inc., Austin, TX). Total RNA was quantified by measuring the absorbance at 260 nm using a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, Rockland, DE), and the purity was assessed by determining the ratio of the absorbance at 260 and 280 nm. All samples had 260/280 nm ratios above 1.8. Additionally, the integrity of the RNA preparations was verified by visualization of the 18S and 28S ribosomal bands stained with ethidium bromide after electrophoresis on 1.2% agarose gels (E-gel; Invitrogen Inc.). Total RNA (1 μg) was reverse transcribed using a commercially available cDNA synthesis kit (iScript, Bio-Rad Laboratories). The iScript kit used a blend of oligo (dT) and random hexamer primers for cDNA synthesis, and the reverse transcriptase was RNase H + to ensure removal of the RNA template.
Real-time PCR detection of the mRNA was conducted utilizing the SYBR Green assay. The primers used for real-time PCR are presented in Table 1 . Amplification was carried out in a total volume of 25 μL containing 1 × iQ SYBR Green Supermix (Bio-Rad Laboratories), forward and reverse primers (0.1 μg/μL), and 1 μL of the 20-μL cDNA reaction. After an initial 5 min denaturation step at 95°C, the reactions were cycled 40 times under the following parameters: 95°C for 30 s, 60°C for 30 s, and 72°C for 30 s. optical detection was carried out at 72°C. At the end of the PCR, a melt curve analysis was conducted to validate the specificity of the primers. Thermal cycling conditions and realtime detection were conducted using an iQ5 multi-color real-time PCR detection system (Bio-Rad Laboratories). A nontemplate control was included with every assay, and all determinations were performed in duplicate. The presence of a single PCR product of the correct size for each primer set was verified by visualizing the PCR products via electrophoresis on 1% agarose gels stained with ethidium bromide. Samples of PCR products were also sequenced to confirm the identity of each gene. The mRNA expression values for each sample were normalized to β-actin according to the 2 − ΔΔCT method (Livak and Schmittgen, 2001 ).
Statistical Analysis
All statistical analyses were performed using SAS statistical version 8.2. All data were expressed as means ± SEM. Statistical analyses were performed by oneway ANoVA followed by the Duncan multiple range test, where appropriate. Correlation analyses were performed by Pearson correlation test. A probability value of less than 0.05 was defined as statistically significant.
RESULTS
pH
The effects of HSP90 protein expression on the pH of the pectoralis majors are shown in Table 2 . The pH 30min values of the HS and GA groups were all significantly different from that of the control (P < 0.001). The GA group had lower pH 30min values than the HS group (P < 0.001). A significant decrease in pH 24h was observed between the experimental groups and the control group (P < 0.01); however, there was no difference in pH 24h values between the HS and GA groups.
CORT
The level of CoRT in the serum of broilers is displayed in Figure 1 . The CoRT concentrations of the HS and GA groups were significantly higher than that of the control (P < 0.001). However, there was no difference in CoRT concentration between the HS and GA groups. These results showed that CoRT was an indicator of acute heat stress and that it was not influenced by HSP90 protein expression.
LDH Release
Data on the levels of serum LDH are presented in Figure 2 . The level of LDH in the HS and GA groups were significantly different from that of the control (P = 0.001). Compared with the HS group, the GA group had significantly higher LDH levels.
Levels of HSP90, HSP70, and GR in the Pectoralis Majors
The levels of HSP90, HSP70, and GR protein in the pectoralis majors of broilers are displayed in Figures 3  and 4 . Following high-temperature treatment, HSP90 and HSP70 protein expressions were higher in the HS and GA groups than in the control group (P < 0.01). The levels of HSP90 in the GA group were significantly lower than that in the HS group, indicating that using GA to establish an low-expression model of HSP90 was successful. There was no significant difference in HSP70 in the HS and GA groups. There was significantly more nuclear GR in the experimental groups than in the control group. However, there was significantly less cytoplasmic GR in the experimental groups (P < 0.01). Furthermore, compared with the HS group, the GA group had significantly higher cytoplasmic GR and lower nuclear GR, which confirmed that HSP90 protein expression plays an important role in the translocation of GR under acute heat stress. a-c Means in a row with different superscripts are significantly different (P < 0.05). 1 pH 30min = pH determination after slaughter for 30 min; pH 24h = pH determination after slaughter for 24 h of chilling; MDA = malondialdehyde; SoD = superoxide dismutase.
2 HS = heat stress; GA = geldanamycin treatment. Figure 5 shows the HSP90, HSP70, and GR mRNA expression during heat stress. Compared with the control and GA group, HSP90 mRNA expression was significantly upregulated in the HS group (P < 0.01). There was no significant difference of HSP90 mRNA expression between the GA group and the control group. The mRNA expression of HSP70 in the HS group was approximately 2-fold more than that in the Figure 1 . Effects of heat shock protein 90 (HSP90) expression on levels of sera corticosterone (CoRT) in broilers exposed to acute heat stress. The CoRT levels of heat-stressed broilers were significantly higher than the control after 2 h of heat treatment. The HSP90 expression did not influence the CoRT levels. Values represent the mean ± SEM; n = 6 broilers for each group. Values with different letters (a,b) indicate P < 0.05 between groups. CoN = broilers in the control group housed at 22°C; HS = broilers housed at 40°C; GA = broilers housed at 40°C with geldanamycin injection before 24 h of heat treatment. Figure 2 . Effects of heat shock protein 90 (HSP90) expression on levels of sera lactic dehydrogenase (LDH) in broilers exposed to acute heat stress. The LDH levels of heat stressed broilers were significantly higher than the control after 2 h of heat treatment. The low expression of HSP90 caused the significant increase of the LDH levels. Values represent the mean ± SEM; n = 6 broilers for each group. Values with different letters (a-c) indicate P < 0.05 between groups. CoN = broilers in the control group housed at 22°C; HS = broilers housed at 40°C; GA = broilers housed at 40°C with geldanamycin injection before 24 h of heat treatment. The expression of GR in the nucleus was significantly higher than the control after 2 h of heat treatment; however, the expression of GR in cytoplasm was significantly lower than the control. Values represent the mean ± SEM; n = 3 broilers for each group. Values with different letters (a-c; A-C) indicate P < 0.05 between groups. CoN = broilers in the control group housed at 22°C; HS = broilers housed at 40°C; GA = broilers housed at 40°C with geldanamycin injection before 24 h of heat treatment.
HSP90, HSP70, and GR mRNA expression in the Pectoralis Major
control group (P > 0.05). only the mRNA expression of HSP70 in the GA group was significantly higher than that in the control group (P = 0.04). A significant decrease in the mRNA expression of GR was observed between the experimental group and the control group (P = 0.04). However, there was no significant difference in GR mRNA expression between the HS group and the GA group.
Lipid Peroxidation and Antioxidant Enzyme Activities
The content of MDA and the activities of SoD are shown in Table 2 . High ambient temperature induced a significant upregulation of MDA production (P < 0.001). The difference in MDA between the HS group and the GA group was also significant (P < 0.001). After 2 h of exposure, there were significant differences in the activities of SoD between the control and the HS groups (P < 0.001). Compared with the control group, no significant difference was detected in the GA group. Furthermore, the activity of SoD in the GA group was significantly lower than that in the HS group (P < 0.001). These results demonstrated that exposure to high ambient temperature could cause a compensatory increase in the activity of antioxidative enzymes.
Correlation Analysis of HSP90 and Antioxidant Indexes
As shown in Table 3 , CoRT was very significantly positively correlated with HSP90, HSP70 protein, and mRNA expression (P < 0.01), but was significantly negatively correlated with GR expression in the cytoplasm and GR mRNA expression (P < 0.05).
The pH 30min values were significantly negatively correlated with HSP70 protein and mRNA expression (P < 0.05), and were very significantly positively correlated with GR mRNA expression (P < 0.01). The pH 24h had a significant negative correlation with HSP90 protein expression and nuclear GR protein expression (P < 0.05), and were significantly positively correlated with cytoplasmic GR expression and mRNA expression (P < 0.05).
Superoxide dismutase activity was very significantly positively correlated with HSP90 expression, HSP70 protein expression, and nuclear GR protein expression in the nucleus (P < 0.01). However, SoD activity was very significantly negatively correlated with GR protein expression. The MDA was positively correlated with HSP70 expression and was negatively correlated with GR mRNA expression (P < 0.05).
DISCUSSION
When exposed to various stresses, such as heat, oxidation, and other stimuli, cells rapidly increase HSP Figure 5 . The mRNA expression of heat shock protein 90 (HSP90), heat shock protein 70 (HSP70), and glucocorticoid receptor (GR) in pectoralis majors of broilers under acute heat stress. The mRNA expression of HSP90 was significantly higher than the control after 2 h of heat treatment; however, the mRNA expression of GR was significantly lower than the control after 2 h of heat treatment. Although geldanamycin significantly reduced the HSP90 mRNA expression, it did not influence the mRNA expression of HSP70 and GR under heat stress. Values represent the mean ± SEM; n = 4 broilers for each group. Values with different letters (a,b; A,B; x,y) indicate P < 0.05 between groups. CoN = broilers in the control group housed at 22°C; HS = broilers housed at 40°C; GA = broilers housed at 40°C with geldanamycin injection before 24 h of heat treatment. gene transcription and produce a large number of heat shock protein to enhance their tolerance to damage, to maintain normal cell functions and metabolism, and to increase cell survival rate. The current study also found that heat stress increases the synthesis of HSP70 and HSP90, which play essential protective roles in maintaining the metabolic and structural integrity of the organ against stress-induced tissue injury (Yu et al., 2008; Kim et al., 2009; Nilapwar et al., 2009; Gaughan et al., 2012; Gu et al., 2012) . Interestingly, we found the expression of HSP90 was lower than that of HSP70. It is likely that HSP90, which plays a role in maintaining the cytoskeleton, has abundant constitutive expression but is only mildly regulated after stress (Stolte et al., 2009) . In contrast, HSP70, which assists in folding of nascent polypeptides and acts as a molecular chaperone, has low constitutive expression, but is strongly induced after stress (Liberek et al., 2008) . Geldanamycin, a benzoquinone ansamycin compound, inhibits the chaperone function of HSP90 by competing with ATP for binding to the ATP-binding pocket of HSP90 and prevents HSP90 protein binding (Clark et al., 2009) . Heat shock protein 90 plays a central role in the conformational maturation of HSP90-associated client proteins. A decrease in HSP90 protein expression levels may occur as a result of GA-induced degradation of HSP90 client proteins. The GA dissociates mature multi-chaperone complexes by inhibiting HSP90 ATPase activity, and the released client proteins are subsequently degraded by the ubiquitin-proteasome pathway (Whitesell and Lindquist, 2005) . A previous study proposed that the intracellular HSP90/ GR ratio may be a key regulator (either positive or negative) of steroid action (Kang et al., 1999) . The shift in the HSP90/GR ratio under heat stress perhaps plays a role in the decreased HSP90 mRNA expression levels. Furthermore, the decrease of HSP90 mRNA expression may be due to a feedback or compensatory mechanism for the change of HSP90 protein expression.
In this study, the cytoplasmic concentration of the GR protein was depleted by heat stress and nuclear accumulation was stimulated, and GA affected GR translocation from the cytoplasm to the nucleus. These results indicated that loss of HSP90 activity would affect its target proteins (e.g., GR). The direct effect on the GA ATP-binding activity could be a sufficient explanation for the reduced translocation. Under heat stress conditions, glucocorticoid binds to GR and consequently changes its hormone binding domain conformation. This causes instability of the GR-HSP90 complex and dissociation of HSP90 from GR, resulting in the exposure of its DNA binding domain and dimerization site (also referred as the GR nuclear localization signal region; Elbi et al., 2004; Grad and Picard, 2007) .
The pH value is one of the most important physical parameters for the qualitative profile of meat, and it is widely used as a predictor of meat technological and sensory qualities (Wang et al., 2009 ). We measured significantly lower pH 30min and pH 24h values of the pectoralis major after 2 h of heat exposure, which were probably due to lactic acid accumulation from glycolysis and H + accumulation from ATP hydrolyzation. Heat exposure may also increase the release of hormones, accelerate decomposition of glycogen, and increase the rate of muscle glycolysis, all of which can lower pH (Wang et al., 2009; Zhang et al., 2012) . Further correlation analysis showed that pH 24h had a significant negative correlation with HSP90 protein expression. However, the physiological regulation mechanism of HSP90 on pH requires further study.
Serum CoRT is commonly used as a biological indicator of acute stress response in poultry (McFarlane and Curtis, 1989; Zulkifli et al., 2009 ). In the current study, serum CoRT concentration was significantly higher after 2 h of heat stress, which is consistent with previous reports (Zulkifli et al., 2003; Mahmoud et al., 2004) . We also found that CoRT levels were very significantly positively correlated with HSP90 protein expression (R = 0.83, P < 0.01), which suggests that HSP90 expression influences CoRT levels. our results also demonstrated that HSP70 might be required for thermal resistance, which was also consistent with previous studies (Hao et al., 2012) .
The cytoplasmic enzyme LDH is widely used as marker of organ or tissue lesions in toxicology and clinical chemistry. Lactic dehydrogenase is generally associated with cellular metabolic activity, which is inhibited or elevated under oxidative stress (Das et al., 2004) . We found that heat stress induced a significant increase in LDH activity and that inhibited HSP90 expression significantly increased LDH levels under heat stress. These results indicate that HSP90 plays an important role in cytoprotection, thus inhibiting LDH release into the blood.
Previous in vivo and in vitro studies have demonstrated that heat stress can disturb the balance between the production of RoS and the antioxidant systems, and may further stimulate the formation of RoS (Lin et al., 2006; Feng et al., 2008) . Superfluous RoS induced by heat stress can cause oxidative injuries, such as lipid peroxidation and oxidative damage to proteins and DNA (Mujahid et al., 2007) . To investigate the relationship between muscle oxidation and the expression of HSP90, we detected some indicators of muscle oxidative status in different treatments that affect HSP90 during heat stress.
Malondialdehyde in serum and tissue can reflect indirectly the extent of lipid peroxidation and overproduction of RoS. The results of the present study also showed a significant increase in MDA in the skeletal muscle of broilers under heat stress. Furthermore, we found that low expression of HSP90 protein worsened lipid peroxidation in the skeletal muscle, which was reflected in the elevation in MDA. The antioxidative enzyme system is the first step of antioxidant defense. In the present study, SoD activities in pectoralis major were significantly upregulated after 2 h of heat exposure. Increases in antioxidant enzyme activities are a protective response against oxidative stress (Devi et al., 2000; Thomas, 2000) . Thus, the balance was already been disturbed by acute heat stress. However, Liu et al. (2014) found that heat challenge led to a decrease in SoD activity in broilers. one explanation for these discrepancies is the difference of stress type. Liu et al. (2014) employed a cyclic heat stress model for 15 d. Furthermore, there was a strong positive correlation between HSP90 expression and SoD activity. That is to say, low expression of HSP90 decreased the antioxidant capacity of the skeletal muscle. This could be disadvantageous for the broilers as increased antioxidant activity ensures proper and rapid elimination of RoS that are formed during heat stress.
In summary, the acute heat exposure (40°C) model was employed and geldanamycin-HSP90 inhibitor was used to establish a HSP90 low-expression model using broilers under heat stress. our results indicated that there was a significantly negative relationship between degree of heat stress and HSP90 expression. Under heat stress, low expression of HSP90 may significantly affect body oxidation-reduction system imbalance, increase oxygen free radicals, damage cells in the pectoralis major muscle, and decrease meat quality (e.g., pH).
